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In our previous work [Phys. Rev. C 96, 035206 (2017)], the high-precision differential cross-section
data for γp → K∗+Λ reported by the CLAS Collaboration has been analyzed within an effective
Lagrangian approach. It was found that apart from the t-channel K, K∗, and κ exchanges, the u-
channel Λ, Σ, and Σ∗ exchanges, the s-channel N exchange, and the interaction current, one needs
to introduce at least two nucleon resonances in the s channel in constructing the reaction amplitudes
to describe the cross-section data. One of the needed resonances is N(2060)5/2− , and the other one
could be one of the N(2000)5/2+ , N(2040)3/2+ , N(2100)1/2+ , N(2120)3/2− , and N(2190)7/2−
resonances. In this paper, we further include in our analysis the data on spin density matrix elements
for K∗ meson reported recently by the CLAS Collaboration, with the purpose being to impose
further constraints on extracting the resonance contents and to gain a better understanding of the
reaction mechanism. It turns out that with the new data on spin density matrix elements taken into
account, only the set with the N(2060)5/2− and N(2000)5/2+ resonances among those five possible
solutions extracted from the analysis of the differential cross-section data can satisfactorily describe
the data on both the differential cross sections and the spin density matrix elements. Further analysis
shows that this reaction is dominated by the t-channel K exchange and s-channel N(2060)5/2− and
N(2000)5/2+ exchanges.
PACS numbers: 25.20.Lj, 13.60.Le, 14.20.Gk, 13.75.Jz
I. INTRODUCTION
Photoproduction of mesons other than pion off a nu-
cleon is believed to be suitable to study the so-called
missing resonances, i.e., the nucleon resonances that are
predicted by the quark model calculations [1, 2] or lattice
QCD simulations [3–9] but escaped from experimental
detection in piN scattering or pion photoproduction reac-
tions, as these resonances may couple weakly to piN but
strongly to other baryon-meson states. Not only that,
the K∗Λ photoproduction has the following advantages
in studying the excited nucleon states (N∗’s): (i) it has
a better chance than pion production reactions to re-
veal resonances with sizable hidden ss¯ content as both
the K∗ and Λ have non-zero strangeness; (ii) it is more
suited than pion production reactions to investigate the
high mass N∗’s as K∗Λ has a much higher threshold; and
(iii) it acts as an isospin filter excluding the contributions
of ∆∗’s as K∗Λ has isospin I = 1/2.
The first high-precision differential cross-section data
for the reaction γp→ K∗+Λ were reported by the CLAS
Collaboration at the Thomas Jefferson National Accel-
erator Facility (JLab) in 2013 [10]. Theoretically, these
data have been analyzed in Refs. [11–13] within effective
Lagrangian approaches and in Ref. [14] within a Regge
model. We mention that before the differential cross-
section data were published in 2013 [10], several theoret-
ical and experimental works had already been devoted to
the studies of the γp → K∗+Λ reaction [15–21], as has
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been briefly reviewed in Ref. [11].
It is well known that the cross-section data alone is
far from being sufficient to uniquely determine the res-
onance contents in meson production reactions. In our
previous work [Phys. Rev. C 96, 035206 (2017)], a sat-
isfactory description of the differential cross-section data
for γp→ K∗+Λ has been achieved within an effective La-
grangian approach. There, it was found that apart from
the t-channel K, K∗, and κ exchanges, the u-channel
Λ, Σ, and Σ∗ exchanges, the s-channel N exchange,
and the interaction current, in order to get a satisfac-
tory description of the differential cross-section data, at
least two nucleon resonances should be introduced in con-
structing the s-channel reaction amplitudes. One of the
needed resonances is the N(2060)5/2−, while the other
one cannot be uniquely determined. It could be any
one of the N(2000)5/2+, N(2040)3/2+, N(2100)1/2+,
N(2120)3/2−, and N(2190)7/2− resonances. One thus
got five fits with roughly similar fitting qualities, all vi-
sually in good agreement with the cross-section data. It
is expected that the data on spin observables would pro-
vide more constraints and help to distinguish these five
different fits.
Recently the data on spin density matrix elements for
γp → K∗+Λ have been reported by the CLAS Collab-
oration in Ref. [22], where a partial wave analysis from
BnGa group is also presented. It is natural to expect that
these new data will impose additional constraints besides
those imposed by the differential cross-section data alone
in constructing the reaction amplitudes for γp→ K∗+Λ.
Nevertheless, as far as we know, these new data have so
far never been analyzed in any theoretical calculations,
especially in the framework of effective Lagrangian ap-
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FIG. 1. Generic structure of the K∗ photoproduction ampli-
tude for γN → K∗Λ. Time proceeds from left to right. (a)
schannel, (b) t channel, (c) u channel, and (d) Interaction
current.
proaches or Regge model.
In the present work, we for the first time include in our
analysis the new data on spin density matrix elements
for K∗ meson within an effective Lagrangian approach
based on our previous work [11]. The purpose is to fur-
ther pin down the resonance contents and the associated
resonance parameters and to get a better understanding
of the reaction mechanism for this reaction.
This paper is organized as follows. In the next section,
we briefly introduce the framework of our model. The
numerical results of cross sections and spin density ma-
trix elements are shown and discussed in Sec. III. Finally,
a brief summary and conclusions are given in Sec. IV.
II. FORMALISM
According to a field theoretical approach of Refs. [23–
26], the full photoproduction amplitude for γN → K∗Λ
can be expressed as [11]
Mνµ =Mνµs +M
νµ
t +M
νµ
u +M
νµ
int , (1)
where ν and µ indicate the indices of vector meson K∗
and photon γ, respectively. Mνµs stands for the s-channel
amplitude, which includes the contributions from the N
and N∗’s exchanges. Mνµt represents the t-channel am-
plitude, which includes the contributions from the κ, K,
and K∗ exchanges. Mνµu stands for the u-channel am-
plitude, which includes the contributions from the Λ, Σ,
and Σ∗ exchanges. These three terms of the amplitudes
can be obtained by direct evaluations of the correspond-
ing Feynman diagrams, which are schematically depicted
in Fig. 1. The last termMνµint in Eq. (1) represents the in-
teraction current, which arises from the photon attaching
inside the ΛNK∗ interaction vertex. A strict calculation
of Mνµint is impractical as it is in principle highly nonlin-
ear and includes very complicated diagrams. We follow
Refs. [23–26] to choose a particular prescription forMνµint ,
which obeys the crossing symmetry and ensures that the
full photoproduction amplitude for γN → K∗Λ satisfies
the generalized Ward-Takahashi identity and thus is fully
gauge invariant.
The explicit expressions of the Lagrangians, propaga-
tors, and form factors needed for the calculation of Mνµs ,
Mνµt , and M
νµ
u and the adopted prescription for M
νµ
int
can be found in our previous work [11], and we do not
repeat them here.
In the center-of-mass (c.m.) frame, the γp → K∗+Λ
invariant amplitude Mνµ introduced in Eq. (1) can be
expressed in helicity basis as [27]
TλV λfλγλi(W, θ) ≡
〈
q, λV ;pf , λf
∣∣M
∣∣k, λγ ;pi, λi
〉
, (2)
where λi, λγ , λf , and λV denote the helicities of the in-
coming nucleon, incoming photon, outgoing Λ, and out-
going K∗, respectively. Correspondingly, the arguments
pi, k, pf , and q represent the momentum of the incom-
ing nucleon, incoming photon, outgoing Λ, and outgoing
K∗, respectively. W and θ indicate the total energy of
the system and the scattering angle in c.m. frame, re-
spectively. The differential cross section is then given
by
dσ
dΩ
=
1
64pi2W 2
|q|
|k|
1
4
∑
λV λfλγλi
∣∣TλV λfλγλi(W, θ)
∣∣2 , (3)
and one of the spin density matrix elements, ρ0, which is
relevant to the present work, is given by [28, 29]
ρ0λV λ′V =
∑
λfλγλi
TλV λfλγλi(W, θ)Tλ′V λfλγλi(W, θ)
∗
∑
λV λfλγλi
∣∣TλV λfλγλi(W, θ)
∣∣2 .
(4)
In the following parts of the paper, the superscript 0 of
the spin density matrix elements will be omitted every-
where for the sake of conciseness.
III. RESULTS AND DISCUSSION
Our previous work [11] was devoted to employ an effec-
tive Lagrangian approach to analyze the high-precision
differential cross-section data for γp→ K∗+Λ only, since
at that time no data on spin observables were available.
It was found in Ref. [11] that apart from the non-resonant
contributions, one needs to introduce at least two nu-
cleon resonances in the s channel in constructing the
reaction amplitudes in order to get a satisfactory de-
scription of the differential cross-section data. One of
the needed resonances is N(2060)5/2−, and the other
one could be one of the N(2000)5/2+, N(2040)3/2+,
N(2100)1/2+, N(2120)3/2−, and N(2190)7/2− reso-
nances. With different choices of the other resonance
besides N(2060)5/2−, one got five fits with roughly sim-
ilar fitting qualities, all visually in good agreement with
the differential cross-section data. As the data on spin
density matrix elements recently became available, it is
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FIG. 2. Predictions of ρ1−1 for γp→ K∗+Λ from the five fits reported in Ref. [11]. The numbers in parentheses, respectively,
denote the photon laboratory incident energy (left number) and the total center-of-mass energy of the system (right number),
in MeV. The red dotted, green dash-dotted, black solid, blue dashed, and cyan dash-double-dotted lines correspond to the
predictions from fits 1–5 of Ref. [11], respectively. The scattered symbols are the recent data from the CLAS Collaboration
[22].
TABLE I. χ2i /Ni evaluated for a given type of observable specified by the index i = dσ (differential cross section), ρ00, ρ1−1,
and Re ρ10, with Ni being the corresponding number of data points considered. In the second column, the numbers in the
brackets denote the corresponding values for the data in the energy range W ≤ 2217 MeV. The last column corresponds to the
global χ2/N , where N is the total number of data points including all the types of observables considered.
χ2dσ/Ndσ χ
2
ρ00/Nρ00 χ
2
ρ1−1/Nρ1−1 χ
2
ρ10/Nρ10 χ
2/N
Ndσ=191 (45) Nρ00=180 Nρ1−1=180 Nρ10=180 N=731
N(2040)3/2+ , N(2120)3/2− 2.4 (2.0) 5.6 6.2 5.4 4.9
N(2000)5/2+ , N(2060)5/2− 2.8 (1.2) 6.3 5.3 6.9 5.3
N(2040)3/2+ , N(2060)5/2− 3.2 (1.9) 9.1 6.3 4.6 5.8
N(2120)3/2− , N(2060)5/2− 3.4 (2.6) 9.0 5.0 6.2 5.9
N(2190)7/2− , N(2060)5/2− 2.3 (1.3) 5.4 7.5 9.4 6.1
natural to ask whether these new data can be automat-
ically described by those five solutions resulted from the
fits to the differential cross-section data or not. This has
been carefully checked, and the answer is no. As an ex-
ample, we show in Fig. 2 a comparison of the predictions
of spin density matrix elements of ρ1−1 from those five
fits reported in Ref. [11] with the corresponding data at
some selected energies. There, the five curves represent
the predictions of ρ1−1 from those five fits, and the scat-
tered symbols are recent data from the CLAS Collabora-
tion [22]. It is clearly seen that there are big discrepancies
between the theoretical predictions and the experimen-
tal data, especially at the backward angles, and none of
these five fits can satisfactorily describe the ρ1−1 data.
We have also tried to refit the model parameters by in-
cluding the new data on spin density matrix elements in
our data base, but it turns out that there is no way to
get a simultaneous description of the data on both the
differential cross sections and the spin density matrix el-
ements.
Of course a good description of the data could in prin-
ciple be achieved if one introduces a plentiful number of
resonances into the reaction, since usually models with
more resonances would have more adjustable parameters.
However, this is not practical as the currently available
data for γp → K∗+Λ are far from enough to fully con-
strain a theoretical model. Actually, as has been dis-
cussed in Ref. [30], in the case that the data have van-
ishing error bars, a complete determination of the 12
complex amplitudes for vector meson photoproduction
reactions requires 23 independent observables (allowing
for an overall arbitrary phase) at each energy and an-
gle. The number of independent observables required
for a complete determination of the amplitudes increases
when the error bars are considered for real-world data.
See Ref. [31] for a discussion of the issue of complete-
ness for pseudoscalar meson photoproduction. For the
γp→ K∗+Λ reaction, it is obvious that the so far existing
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FIG. 3. Differential cross sections for γp→ K∗+Λ as a func-
tion of cos θ in the center-of-mass frame. The black solid lines
represent the results with the inclusion of the N(2000)5/2+
and N(2060)5/2− resonances. The blue dashed lines de-
note the results with the inclusion of the N(2040)3/2+ and
N(2120)3/2− resonances. The scattered symbols are data
from the CLAS Collaboration [10]. The numbers in paren-
theses, respectively, denote the photon laboratory incident
energy (left number) and the total center-of-mass energy of
the system (right number), in MeV.
data on differential cross sections and spin density matrix
elements are far from enough to uniquely determine the
reaction amplitudes. If a lot of resonances are introduced
in a model, the number of model parameters may be too
many to be well constrained by the available data. In
view of this, in the present work we take the same strat-
egy as adopted in our previous work [11] to introduce the
nucleon resonances in constructing the s-channel reaction
amplitude, i.e., we introduce the nucleon resonances as
few as possible to describe the available data.
In Ref. [11], the coupling constants g
(2)
RΛK∗ and g
(3)
RΛK∗
in the Lagrangians for the couplings of resonances with
spin J > 3/2 to ΛK∗ are preset to zero in consideration
of the fact that they can not be well determined with the
differential cross-section data alone. Since the high preci-
sion data on spin density matrix elements for K∗ meson
are now available, it is more reasonable to treat g
(2)
RΛK∗
and g
(3)
RΛK∗ as model parameters and let them being fixed
by fitting all the available data.
As mentioned and discussed in Ref. [11], the
CLAS high-precision differential cross-section data [10]
clearly show structures near the K∗Λ threshold, in-
dicating potential contributions from nucleon reso-
nances in this energy region. In the most re-
cent Particle Data Group (PDG) review [32], there
are six nucleon resonances near the K∗Λ thresh-
old, namely, N(2000)5/2+, N(2040)3/2+, N(2060)5/2−,
N(2100)1/2+, N(2120)3/2−, and N(2190)7/2−. It has
been reported in Ref. [11] that if only one of these reso-
TABLE II. Values of adjustable model parameters.
√
βΛK∗Aj
represents the reduced helicity amplitude with βΛK∗ denoting
the branching ratio for the resonance decay to ΛK∗, and Aj
standing for helicity amplitude for the resonance with spin
j radiative decay to γp. The asterisks (∗) below resonance
names denote the overall status of these resonances evaluated
by PDG [32]. The numbers in brackets below the resonance
masses and widths represent the corresponding values esti-
mated by PDG [32].
g
(1)
Σ∗Λγ −1.47 ± 0.09
ΛK [MeV] 1009± 2
N∗ Name N(2000)5/2+ N(2060)5/2−
∗∗ ∗∗∗
MR [MeV] 2010± 1 2043 ± 12
[2030 ∼ 2200]
ΓR [MeV] 400± 95 79± 3
[300 ∼ 450]
ΛR [MeV] 1019± 6 1304 ± 8√
βΛK∗A1/2[10
−3GeV−1/2] −0.04 ± 0.01 0.55± 0.03√
βΛK∗A3/2[10
−3GeV−1/2] 0.59 ± 0.02 −1.40± 0.05
g
(2)
RΛK∗/g
(1)
RΛK∗ −1.93 ± 0.01 −1.96± 0.24
g
(3)
RΛK∗/g
(1)
RΛK∗ −0.43 ± 0.02 1.80± 0.29
nances is considered, even the differential cross-section
data alone cannot be well described. When two res-
onances in the s channel are introduced, one gets 15
possible combinations, among which five are reported
in Ref. [11] to be able to describe the differential cross-
section data with similar fitting qualities. Here since for
resonances with spin J > 3/2 we have two new terms in
the resonance-Λ-K∗ vertices, i.e., the g
(2)
RΛK∗ and g
(3)
RΛK∗
terms, we will try all the 15 combinations of these six res-
onances to see if the data can be satisfactorily described.
We use MINUIT to fit the model parameters, and have
performed numerous tests by using various starting val-
ues of the parameters. In Table I the χ squared per data
points for different types of observables for the best five
fits are listed. There, in the second column, the num-
bers in the brackets denote the corresponding values for
the data in the center-of-mass energy range W < 2217
MeV. There are only 45 data points for the differential
cross sections in this energy region, which clearly exhibit
apparent structures in the angular distributions indicat-
ing potential contributions from the nucleon resonances.
Failing to describe these data may lead to low reliability
of the extracted resonance information. We thus list the
χ squared for the differential cross-section data in this
energy region separately, which serves as a criterion to
exclude the fits that fail to describe the differential cross-
section data in this energy region but the chi squared for
other observables in the whole energy region are compa-
rable to the acceptable fits.
From Table I, one sees that the obtained values of the
χ squared for all the considered fits are relatively large,
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FIG. 4. Real parts of ρ10 for γp → K∗+Λ as a function of cos θ in the center-of-mass frame. The black solid lines represent
the results with the inclusion of the N(2000)5/2+ and N(2060)5/2− resonances. The blue dashed lines denote the results with
the inclusion of the N(2190)7/2− and N(2060)5/2− resonances. The scattered symbols are the recent data from the CLAS
Collaboration [22]. The numbers in parentheses, respectively, denote the photon laboratory incident energy (left number) and
the total center-of-mass energy of the system (right number), in MeV.
this is mainly due to the very small statistical uncertain-
ties in the data. The solution with the N(2040)3/2+ and
N(2120)3/2− resonances has the smallest global χ2/N .
However, it has χ2dσ/Ndσ = 2.0 for the differential cross-
section data in the energy region W ≤ 2217 MeV. Con-
sequently, the shapes of the angular distributions near
the K∗+Λ threshold exhibited by the CLAS data can-
not be described, as illustrated in Fig. 3. There the
dashed lines represent the results from the fit with the
N(2040)3/2+ and N(2120)3/2− resonances. One sees
that the near-threshold structures in the angular dis-
tributions exhibited by the data are totally missed in
this fit. Therefore, it is natural to exclude this solution
as an acceptable fit. The solutions with the resonance
N(2040)3/2+ or N(2120)3/2− apart from N(2060)5/2−
are excluded as acceptable fits by the same reason, since
they have relative large χ2dσ/Ndσ (1.9 and 2.6, respec-
tively) for the differential cross-section data in the en-
ergy region W ≤ 2217 MeV. The solution with the res-
onances N(2000)5/2+ and N(2060)5/2− is taken as an
acceptable fit. It can satisfactorily describe the overall
data, which will be discussed later in detail. The solu-
tion with the N(2190)7/2− and N(2060)5/2− resonances
has a global χ2/N 15% larger than that of our preferred
fit, and moreover, it has a χ2ρ10/Nρ10 36% larger than
that of our preferred fit. As an illustration, we show in
Fig. 4 the predictions of spin density matrix elements
of Re ρ10 from the solution with the N(2190)7/2
− and
N(2060)5/2− resonances (dashed lines) and our preferred
fit with the N(2000)5/2+ and N(2060)5/2− resonances
(solid lines) compared with the corresponding data (scat-
tered symbols) at some selected energies. One sees clearly
that the results with the inclusion of the N(2000)5/2+
and N(2060)5/2− resonances are in qualitative agree-
ment with the data, while on the contrary, there are ob-
viously big discrepancies between the theoretical results
with the inclusion of the N(2190)7/2− and N(2060)5/2−
resonances and the experimental data. Thus the solution
with the N(2190)7/2− and N(2060)5/2− resonances is
not considered as an acceptable fit.
The fits with other combinations of two nucleon res-
onances result in larger values of global χ2/N than
those listed in Table I, and moreover, they either have
χ2dσ/Ndσ ≈ 2.0 for the differential cross-section data in
the energy region W ≤ 2217 MeV, leading to unsuccess-
ful descriptions of the shapes of the angular distributions
near the K∗+Λ threshold exhibited by the CLAS data, or
have≈ 35% larger χ squared per data points for ρ00, ρ1−1
or Re ρ10, giving rise to much worse descriptions of the
data on spin density matrix elements than our preferred
fit, i.e., the fit with the N(2000)5/2+ and N(2060)5/2−
resonances. Therefore, these fits are excluded either to
be acceptable fits.
Adding a third resonance to the model will bring in
much more adjustable parameters. Consequently, too
many solutions with similar fitting qualities can be ob-
tained with large error bars for the fitting parameters,
and no conclusive conclusion can be drawn about the
resonance contents and parameters extracted from the
available data for the considered reaction. We thus post-
pone the analysis with three or more resonances until
more data become available in the future.
We now concentrate on the discussions of the ac-
ceptable fit, which includes the N(2000)5/2+ and
N(2060)5/2− resonances in the construction of the re-
action amplitudes, and results in a satisfactory descrip-
tion of all the available data. Note that this resonance
set is the same one that results in the best description
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FIG. 5. Differential cross sections for γp→ K∗+Λ as a function of cos θ in the center-of-mass frame (black solid line). The red
dotted, blue dashed, and green dash-dotted lines represent the individual contributions from the t-channel K exchange, the
s-channel N(2000)5/2+ exchange, and the s-channel N(2060)5/2− exchange, respectively. The data are taken from the CLAS
Collaboration [10]. The numbers in parentheses, respectively, denote the photon laboratory incident energy (left number) and
the total center-of-mass energy of the system (right number), in MeV.
of the differential cross-section data in Ref. [11]. As
mentioned above, the difference is that in the present
work the g
(2)
RΛK∗ and g
(3)
RΛK∗ terms are allowed, while in
Ref. [11] they are omitted. The values of all the ad-
justable model parameters in the present work are listed
in Table II, and the corresponding results for differential
cross sections and spin density matrix elements of ρ00,
Re ρ10, and ρ1−1 are shown in Figs. 5–8, respectively.
In Table II, MR, ΓR, and ΛR denote the resonance
mass, width and cutoff values, respectively. The asterisks
below the resonance names represent the overall status
of these resonances evaluated in the most recent review
by PDG [32], and the numbers in brackets below the
resonance mass and width are the corresponding values
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FIG. 6. Spin density matrix elements of ρ00 for γp→ K∗+Λ as a function of cos θ in the center-of-mass frame (black solid line).
The red dotted, blue dashed, and green dash-dotted lines represent the results with the t-channel K exchange, the s-channel
N(2000)5/2+ exchange, and the s-channel N(2060)5/2− exchange being switched off, respectively. The data are taken from
the CLAS Collaboration [22]. The numbers in parentheses, respectively, denote the photon laboratory incident energy (left
number) and the total center-of-mass energy of the system (right number), in MeV.
estimated by PDG.
√
βΛK∗Aj represents the reduced he-
licity amplitude for resonance, with βΛK∗ denoting the
branching ratio for the resonance decay to ΛK∗ and Aj
standing for the helicity amplitude with spin j for the
resonance radiative decay to γp. Note that as a com-
mon feature of a single channel analysis, the s-channel
(resonance) amplitudes are sensitive only to the product
of the hadronic and electromagnetic coupling constants.
From Table II, one sees that for the three-star resonance
N(2060)5/2−, the fitted mass 2043 MeV is in the range
of the PDG values 2030–2200 MeV, and is also very close
to the value reported in Ref. [11], 2033 MeV. The fitted
width of this resonance, 79 MeV, is much smaller than
the PDG values, but is still very close to the value re-
ported in Ref. [11], 65 MeV. One also observes that the
reduced helicity amplitudes for N(2060)5/2− obtained
from this work are also very close to the correspond-
ing values reported in Ref. [11]. The reason that all
the fitted mass, width and the reduced helicity ampli-
tudes of N(2060)5/2− keep almost unchanged when the
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FIG. 7. Spin density matrix elements of Reρ10 for γp→ K∗+Λ as a function of cos θ in the center-of-mass frame (black solid
line). Notations are the same as Fig. 6.
data on spin density matrix elements are taken into ac-
count is that the N(2060)5/2− resonance is responsible
for the shape of the near-threshold angular distributions,
which will be discussed later in detail. For the two-star
N(2000)5/2+ resonance, the fitted mass and width are
2010 and 400 MeV, respectively, both smaller than the
values reported in Ref. [11], 2115 and 450 MeV. The fit-
ted value of the cutoff mass for the t-channel K exchange
is ΛK = 1009 MeV, which is very close to the value 1000
MeV reported in Ref. [11]. The reason is that this param-
eter is mainly determined by the differential cross-section
data at high energies where the t-channel K exchange
plays a dominant role.
Figure 5 shows the results for the differential cross sec-
tions together with the contributions from the individual
interaction diagrams. There, the black solid lines rep-
resent the contributions from the full amplitudes, and
the red dotted, blue dashed, and green dash-dotted lines
denote the contributions from the t-channel K meson
exchange, the s-channel N(2000)5/2+ exchange, and the
s-channel N(2060)5/2− exchange, respectively. The con-
tributions from other terms are too small to be plotted.
One sees that the overall theoretical differential cross sec-
tions are in qualitative agreement with the data. In the
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FIG. 8. Spin density matrix elements of ρ1−1 for γp → K∗+Λ as a function of cos θ in the center-of-mass frame (black solid
line). Notations are the same as Fig. 6.
whole energy region considered, the dominant contribu-
tion comes from the t-channel K exchange. In partic-
ular, the K exchange is crucial to reproduce the ob-
served forward-peaked angular distributions at higher
energies. This also explains why in the present work
the fitted cutoff mass for the K exchange, 1009 MeV, is
very close to the value reported in Ref. [11], 1000 MeV.
Near the threshold, both the s-channel N(2000)5/2+ and
N(2060)5/2− exchanges have significant contributions,
and the contribution from the N(2060)5/2− exchange is
responsible for the shape of the angular distributions ex-
hibited by the data. This feature has also been observed
in Ref. [11]. The difference is that in the present work the
contribution from the N(2060)5/2− resonance is stronger
than that in Ref. [11] due to a lager cutoff value, and the
shape of the differential cross sections resulted from the
N(2000)5/2+ resonance is different in these two works
due to different fitted values of the mass, width, reduced
helicity amplitudes, and cutoff mass for this resonance.
The fact that the contribution of the N(2060)5/2− res-
onance is responsible for the shape of the near-threshold
angular distributions explains why the fitted mass, width,
and reduced helicity amplitudes for N(2060)5/2− in the
present work are very close to those in Ref. [11].
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FIG. 9. Total cross sections with individual contributions for
γp→ K∗+Λ as a function of the center-of-mass energy of the
system. The data are taken from the CLAS Collaboration
[10] but not included in the fit.
In Figs. 6–8, we show the results for spin density ma-
trix elements ρ00, Re ρ10, and ρ1−1. There, the black
solid lines demonstrate the results from the full calcula-
tion, while the red dotted, blue dashed, and green dash-
dotted lines denote the results calculated by switching
off the contributions from the t-channel K exchange,
the s-channel N(2000)5/2+ exchange, and the s-channel
N(2060)5/2− exchange, respectively. As one can see, the
overall results are in qualitative agreement with the re-
cent CLAS data, even though some noticeable discrepan-
cies are seen for all ρ00, Re ρ10, and ρ1−1. One also sees
that the contributions from all the t-channel K exchange
and the s-channel N(2000)5/2+ and N(2060)5/2− ex-
changes are rather important to the spin density matrix
elements of ρ00, Re ρ10, and ρ1−1 in the whole energy
regions considered.
Figure 9 shows the predicted total cross sections (black
solid line) together with the individual contributions
from the t-channel K exchange (red dotted line), the s-
channel N(2000)5/2+ exchange (blue dashed line), the s-
channel N(2060)5/2− exchange (green dash-dotted line),
the sum of both resonance exchanges (purple dash-
double-dotted line), and the Bonn term (dark green
double-dash-dotted line) which consists of the coherent
sum of all the contributions other than the s-channel res-
onance exchanges. These quantities are obtained by in-
tegrating the corresponding results for differential cross
sections. Note that the total cross section data are not
included in our fit. One sees from Fig. 9 that our pre-
dicted total cross sections are in fairly good agreement
with the data over the entire energy region considered.
The t-channel K exchange is seen to play a significant
role in the whole energy region stated, especially at high
energies. The contributions from the Bonn term are very
close to those from the t-channel K exchange, indicating
that the contributions from the non-resonant terms other
than the K meson exchange are rather small. The con-
tributions from both the N(2000)5/2+ and N(2060)5/2−
exchanges are seen to be very significant, and the bump
structure exhibited by the total cross section data is dom-
inated by the coherent sum of the considered two reso-
nances. Comparing Fig. 9 with the corresponding total
cross-section results from Ref. [11], one sees that the con-
tributions from the t-channel K exchange in the present
work are almost the same as those in Ref. [11], with the
reason being that the K meson exchange is well con-
strained by the data on the angular distributions at high
energies. The s-channelN(2060)5/2− exchange results in
similar contributions at low energies in both the present
work and the Ref. [11], but at high energies this res-
onance has rather broader contributions in the present
work due to a fitted larger cutoff mass. The contribu-
tions from the s-channel N(2000)5/2+ exchange in the
present work are quite different from those in Ref. [11],
as has been discussed in connection with the differential
cross sections.
IV. SUMMARY AND CONCLUSION
In our previous work [11], we have analyzed the high-
precision differential cross-section data for γp → K∗+Λ
reported by the CLAS Collaboration within an effective
Lagrangian approach. There, we have considered the t-
channel K, K∗, and κ exchanges, the u-channel Λ, Σ,
and Σ∗ exchanges, the interaction current, the s-channel
N exchange and nucleon resonances exchanges in con-
structing the reaction amplitudes. It was found that
in order to describe the differential cross-section data,
one needs to introduce in the s channel at least two nu-
cleon resonances. One of the needed resonances is the
N(2060)5/2−, while the other one can not be uniquely
determined. It could be any one of the following five
resonances: N(2000)5/2+, N(2040)3/2+, N(2100)1/2+,
N(2120)3/2−, and N(2190)7/2−. As a consequence, five
different fits were obtained with roughly similar fitting
qualities, all visually in good agreement with the cross-
section data.
Recently the data on spin density matrix elements for
γp → K∗+Λ have been reported by the CLAS Collabo-
ration [22]. As far as we know, these new data have so
far never been analyzed in any theoretical works. In this
paper, we for the first time include these data into our
analysis within an effective Lagrangian approach based
on our previous work [11]. The purpose is to impose
further constraints on extracting the resonance contents
and the associated resonance parameters, and to gain a
better understanding of the reaction mechanism for this
photoproduction reaction.
Our results show that a simultaneous and satisfactory
description of the data on both the spin density ma-
trix elements and the differential cross sections can be
achieved by introducing in the s channel two nucleon
11
resonances, namely the N(2060)5/2− and N(2000)5/2+
resonances. Further analysis shows that this reaction
is dominated by the t-channel K exchange and the s-
channel N(2060)5/2− and N(2000)5/2+ exchanges. The
K meson exchange is crucial to explain the forward-
peaked feature of the differential cross sections in the
high-energy region. The N(2060)5/2− resonance ex-
change is responsible for the shape of the near-threshold
angular distributions exhibited by the data. The mass,
width, and reduced helicity amplitudes for the three-star
resonance N(2060)5/2− fitted in the present work are
very close to those reported in our previous work [11].
The parameters of the two-star resonance N(2000)5/2+
obtained in the present work are found to be quite differ-
ent from those reported in Ref. [11]. More data on spin
observables would be helpful to further constrain the res-
onance contents and the associated resonance parameters
extracted from this reaction.
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